Jarosite was formed in the presence of five amino acids at two pHs, namely 1.75 and 2.9, to determine what impact amino acids have on its formation. It was found that at the lower pH glycine was the most potent in terms of morphological and yield impacts. XRD analysis showed that incorporation of the amino acid occurs at this low pH for glycine and proline. Dynamic light scattering studies showed that glycine impacts significantly on the jarosite nucleation rate while proline and alanine do not. At the higher pH all of the amino acids had much less impact on morphology or yield. At pH 3 the solids were found to be a 3-phase system consisting of goethite, schwertmannite and jarosite. In this case, alanine appeared to stabilize the presence of schwertmannite more than the other amino acids.
Introduction
Jarosite, [KFe 3 (SO 4 ) 2 (OH) 6 ], is a mixed iron sulphate mineral commonly found in environments such as acid sulphate soils [1] , acid mine wastes [2] , saline lakes [3] and hypogene systems [4] . It is also produced in some hydrometallurgical operations (such as zinc processing) to remove unwanted iron and improve metal concentrates [5, 6] . Given that jarosite only forms when water is present, the finding of jarosite on Mars in 2004 confirmed that the 'Red planet' had water at some point in its history [7] . The formation of jarosite is, therefore, of wide interest in many fields.
In terrestrial systems, microbes are always present, and this is especially true of acid mine drainage systems where oxidizing bacteria often control the iron and sulphur levels of the system (through organisms such as thiobacillus ferrooxidans [4] ). The relationship between jarosite and microbes is, however, not fully understood although some research has been conducted in this area [5, 6, [8] [9] [10] . In the case of acid mine drainage, jarosite formation could be extremely beneficial by locking away toxic metals often released by the high acidity, however, this depends on the stability of the jarosite in this environment. 11 Thus, understanding the formation and stability of jarosite in acid environments is of fundamental interest and has many real world applications.
Generally, it is well understood that thiobacillus ferriooxidans-type microbes will dissolve pyrite and can thereby form jarosite solids [12, 13] . For the most part, literature is also agreed that below pH 3 jarosite will form [9, 14] while above pH 3 and below pH 5 schwertmannite is the product formed. However, this is temperature dependant [10, 14] . From an acid mine drainage point of view we find that the bacteria that grow well in the conditions required for jarosite formation must be acidophiles (pH must be below 3). The pH is however, also linked to the rate of iron (II) which is oxidised to iron (III) [15] in natural systems and to the extent of sulphur-bearing minerals. If jarosites are to be used as repositories of waste materials (in particular, heavy metals) in the remediation of acid mine drainage soils [11] , not only their stability in different environments and possible dissolution behaviour must be determined (as already acknowledged) but also the impact microbes have on this process is also vital.
Some of this work is already being conducted [16] [17] [18] showing the dissolution of different jarosites containing lead or arsenic within the structure but these are in the absence of microbial action. The stability of solids in various environments is, however, also linked to their structure, so one could ask whether the presence of microbes induces the formation of jarosites with different structure and therefore properties. Again, early work is showing that jarosites formed in the presence of microbes may have different features [19] suggesting that there are differences between biogenic jarosite and synthetic jarosites [14, 20] . There is also the suggestion that particular microbes promote the presence of different phases [8] , however, as stated above pH and temperature are also significant contributors to this. Finally, it should be stressed that microbial action need not form jarosite directly but can be a consequence of the conditions they create; for example, the work of Tazaki et al. [21] , show that during the corrosion of a sewer pipe (the microbes present are inferred to have caused the corrosion), the acidic conditions present and maintained by the microbes in the pipe result in jarosite and gypsum formation.
As high-grade ores diminish, cost effective means of treating low-grade ores must be developed [22] . One such possible method is heap leaching where acid is dripped onto a low-grade ore heap and with the aid of microbes, the desired metals are released, dissolved and thereafter extracted. This process also leads to acid mine drainage. Thus, understanding the interaction between microbe, pH and solids formed is of vital importance for future mining practices.
As a precursor to understanding the impact that microbes (and live organisms in general) have on jarosite formation, we have looked at amino acids. There is very little literature on the effect of amino acids [23] , though as discussed above there is some with regard to microbial impacts [5, 6, [8] [9] [10] . From the work of Kotler [23, 24] , it was hypothesized that glycine might incorporate into the structure, however this was inferred from infrared evidence, which does not actually conclusively give information on incorporation. This is because movements in peak positions can be due to adsorption effects and may not relate to incorporation at all. Even if such small molecules are not incorporated into the jarosite mineral structure, it is probable that they will interact with growing crystallites to modify their growth rate, morphology and particle size. This manuscript, therefore, investigates the formation of jarosite in the presence of 5 amino acids and investigated parameters such as i) yield ii) morphology, iii) the impact of pH and iv) the possibility of incorporation. 
Materials and Methods

Materials
proline, D, L-glycine were AR grade from Sigma Aldrich.
Jarosite formation and determination of yield
Potassium jarosite was prepared according to the method of Dutrizac [4, 25] . When amino acid is present it is added as a solid prior to the addition of water and dissolved along with the other solids. The addition of amino acids normally raises the pH of the system and so the pH is adjusted (using conc H 2 SO 4 or KOH) after dissolution of all solids to the same pH as the control system or the desired pH.
Characterisation of solids
Infrared
Infrared is a well-known method to characterize mineral forms as the technique is phase specific. The solids for Fourier transform infrared (FTIR) were placed onto a diamond ATR accessory of a Nicolet IS50 FTIR Spectrometer. A background spectrum was collected before each new scan. Data were collected from 400 to 4000 cm -1 with a spectral resolution of 4 cm -1 in transmittance mode. All spectra were uncorrected since the spectra were being used for comparison purposes only.
In Figure 1 below, the control jarosite infrared is shown. The peaks compare well with literature [26] where the sulphate bands are found between 940 and 1300 cm -1 and the water bend and stretch bands can be found at 1600 and ~3350 cm -1 respectively.
The bands between 1900-2400 cm -1 are due to the diamond ATR and are not from the solids. FTIR spectrum of control jarosite solids
Scanning Electron Microscopy (SEM)
Morphology of the samples was determined using an Evo Zeiss scanning electron microscope (SEM). The washed and dried solids from crystallization experiments were placed on carbon coated SEM stubs and placed in a dessicator to let the stubs dry. They were then sputter-coated with gold prior to viewing on an Evo Zeiss SEM instrument. The images were usually collected at a working distance of 10 mm and a voltage of 15 kV.
X-ray diffraction (XRD)
Wide angle, powder XRD was performed on the samples containing sufficient solids to pack the XRD holder of a D8 Advance (Bruker) instrument with a 2theta range of 7-70°, step size 0.001, divergence slit of 0.3° while the sample holder was spun at 30 rpm. Cu K α radiation was used for these samples. In addition, some samples were repeated with a corundum internal standard (~10%) and run at 5-120° 2theta using Co K α radiation, step size 0.01 on a D8 Discovery (Bruker) instrument. These XRD patterns were used for Rietveld analysis undertaken with TOPAS ® software. Finally, for those samples where insufficient solids were present to pack into the regular holders, these samples were dispersed in ethanol and cast onto low background silicon holders and run as per the other samples on the D8 Advance. The XRD pattern of the control sample confirmed the presence of jarosite ( Figure 2 ) and was able to be indexed to the PDF file 00-036-0427. 
Dynamic Light Scattering (DLS)
A Malvern Nanosizer ZS was utilised to measure the DLS behaviour of solutions in the absence and presence of amino acids (0.14 M). This instrument can operate at high temperatures and so the particle sizing and particle counts were obtained at 90 °C as per the crystallization experiments. The concentrations of iron sulphate, potassium nitrate and sulphuric acid were as per the crystallization experiments except that the pH of the solutions was adjusted to pH = 2.1 for all samples. The DLS gives essentially two pieces of information, the particle counts and the particle size. The particle size will naturally increase over time to its steady state value, while the particle counts will be low until nucleation occurs and then will increase until a steady state is reached (in a batch system). The induction time is the time for nucleation to be measured (different techniques will measure different induction times due to the fact the they will have different limits of detection but provided the same instrumentation is used, the induction times are inversely proportional to the nucleation rate), which in this instance is the time required for the counts to increase above background levels. Thus the particle counts were used to determine an effective induction time as this is related to nucleation rates [27] .
Control jarosite solids were also placed in a solution containing all but the iron sulphate and heated to 90 °C for 24 hours, the pH of the solution being adjusted to pH 2.0 ± 0.5 with and without glycine (0.28 M) present. The solution was filtered through a 0.1 µm membrane filter and sent for Fe analysis by inductively coupled plasma -atomic emission spectroscopy (ICP-AES), to assess differences in solubility of the solids when glycine is present.
Thermal Gravimetric Analysis (TGA)
TGA analysis was conducted on a TA Instruments SDT 2960 simultaneous DSC-TGA from ambient to 800 ºC at 5 ºC per minute in air at a flow rate of 40 ml/min using nitrogen gas. Approximately 15 mg of sample was heated in a platinum pan for each measurement. The temperature of the instrument was calibrated against the melting points of indium, zinc, tin, silver and gold. The balance was calibrated over the temperature range with standard alumina weights as provided by the vendor.
Results
At the very low pH of 1.75 it was found that very little cysteine or aspartic acid dissolved (≤0.01 M). This is most probably due to the fact that at these pHs these amino acids are neutral or closer to being neutrally charged than the other acids investigated.
As such, the impact of these two amino acids was found to be negligible and are not further discussed.
Morphology
The particles formed in the absence of amino acids were similar to those of Sasaki [19] . They contained facets probably consisting of (210) and (001) faces. On addition of the amino acids, the solids formed contain fewer well-defined facets and are much more rounded. In addition, all systems showed significant aggregation. 
Yield
The impact of amino acids on the yield of solids formed at low pH correlated with the impact on morphology ( Figure 5 ). Alanine and proline impacted the yield similarly and glycine showed the most significant impact almost completely inhibiting solid formation at 24 hours at a concentration of 0.28 M. Once again the amino acids had very little impact on the amount of solids formed at pH 2.9 . At this pH the yield was almost invariant with the amount of amino acid present (see supplementary information, SFig 2).
XRD
At pH 1.75 the solids formed were always found to be jarosite ( Figure 6) regardless of the concentration of amino acid present. At the highest glycine concentration, a very broadened jarosite spectrum was obtained, confirming the small particle size as observed in the SEM images (Figure 4c ). Rietveld was conducted on the samples at 0.14 M amino acid (the higher concentration experiments did not produce sufficient solids to be analysed in the same manner). The results can be seen in Table 1 .
The presence of alanine did not alter the a lattice parameter value beyond the errors of the method with only a small movement in the c value of the jarosite lattice parameter. In the case of glycine, the jarosite XRD pattern could only be fitted reasonably when both a potassium (listed as K) and hydronium jarosite (listed as H) were assumed to be present. In this case, regardless of whether the potassium or hydronium jarosite is taken into consideration both the a and c parameter are shifted, though the a lattice parameter appears to be most shifted. The presence of proline also shows a significant movement in both lattice parameters. This suggests that the amino acids can incorporate into the structure. A more detailed analysis is warranted whereby the lattice parameters are measured against concentration of amino acid present in order to determine the relationship between a and c axis length with degree of incorporation. This is planned for future work. At the higher pH (2.9) it was found that the solids formed consisted of both jarosite and goethite. Rietveld analysis found the composition listed in Table 2 . From this data we can see that almost the same amount of jarosite is formed in each case; between 7 to 10 wt%. However, what changes more significantly is the amorphous and goethite content. Table 2 clearly shows that the presence of alanine stabilizes the amorphous content more than the other amino acids and results in both less goethite and slightly less jarosite. Thus, at this higher pH, alanine appears to be the more significant growth modifier in that it stabilizes the metastable amorphous phase more than the other amino acids. 
Vibrational spectroscopy
For the most part, the vibrational results confirmed what was already known from the XRD data. However, we did undertake vibrational spectroscopy at the higher pH (2.9) for shorter times (3 hours). From this data (see Figure 7) it can be seen that the initial products formed in all cases (regardless of concentration of amino acid) is schwertmannite [28] . This is consistent with the amorphous content determined by Rietveld and suggests that the alanine is stabilizing the presence of schwertmannite (a known disordered iron sulphate compound [29, 30] ). It is also known that goethite can form from schwertmannite and explains the origin of goethite in our samples at pH 2.9 [30, 31] . When all the data is taken together, it suggests that schwertmannite has not completely transformed to goethite by 24 hours and that, therefore, the system at pH 2.9 is in reality a three phase mixed system of goethite, jarosite and schwertmannite.
DLS -Induction times
In order to determine what impacts, if any, these small molecules have on nucleation rates we undertook preliminary experiments to measure the induction times using DLS at pH 2.0 and 0.14 M amino acid. We re-state that since the levels of aspartic acid and cysteine were low, we expect these to have similar nucleation rates as the control and so these were not tested. Counts (kilocounts per second) from DLS runs versus time in the absence (control) and presence of 0.14 M alanine, proline and glycine
In the control case, the counts begin to rise at ~25 minutes. The induction time increases when the amino acids are present but to differing degrees. Only a small increase of ~5-10 minutes in the induction time is observed for the case when alanine and proline is present. When glycine is present, however, the induction time increases dramatically. In the case of 0.14 M glycine the induction time is ~270-300 minutes.
This would suggest that glycine impacts on nucleation dramatically while alanine and proline impact more on the growth processes. This is consistent with the yield and morphology results, which shows a greater impact for glycine than proline or alanine.
The presence of glycine may alter the solubility of jarosite and lead to a lower supersaturation (and therefore a longer induction time), thus we measured the solubility of the control jarosite (formed in the absence of amino acids) in a solution of KNO 3 (6 g in 200 mL) and H 2 SO 4 at a pH 2.00 with and without 0.28 M glycine at 90 °C for 24 hours. The solution was then filtered through a 0.1µm acid resistant membrane (Supor   ®   ) and the iron content measured by ICP-AES. This showed that the amount of iron in solution after 24 hours was 17±1 and 23±1 mg/L in the absence and presence of glycine respectively. This change in iron solubility is ~35% and would, therefore, alter the supersaturation. However, the difference in induction time was measured at 0.14 M not 0.28 M glycine, thus the 35% is an overestimation on the impact on the solubility.
Assuming a linear relationship with glycine concentration and solubility, the increase in solubility would then only be ~18% greater while the induction time is significantly greater (being 1400% of the control value). Even if we assume an exponential relationship between solubility and nucleation rate, a 18% increase in solubility would be expected to increase the induction time by a factor of ~3 not ~14. Therefore, we conclude that the glycine is impacting the jarosite nucleation rate as well as changing its solubility. This would occur by the glycine adsorbing onto the jarosite critical nuclei and increasing its surface free energy.
TGA -thermal behaviour
Since one of the important properties of jarosites in acid mine drainage situations is their stability, we looked at the thermal stability of the samples formed in the presence of the amino acids ( Figure 9 ). The reproducibility in the mass loss was found to be ~3% as found for two glycine samples (supplementary information SFig 4.) but even with this error, the mass lost was greater in the presence of glycine than the control. For the other amino acids, the mass loss could be within experimental error. In addition, monitoring of the changes in heat flow (see supplementary information SFig 4.) showed that the solids formed in the presence of alanine followed the control reasonably closely while the solids formed in the presence of glycine and proline showed that the exotherm associated with loss of sulphate [32] at ~660°C occurred at a lower temperature for these solids (~650 °C).
Figure 9.
TGA results of mass lost (%) versus temperature (°C) in the absence and presence of amino acids Thus, these solids appear to be less thermally stable when the amino acids are present during their formation. This would support the hypothesis of incorporation.
Conclusions and Summary
It is clear from the results presented here that the pH is the deciding factor in terms of the phase formed (jarosite versus goethite), despite the fact that organisms can stabilize metastable phases. Despite this, there is a real impact at pH 1.75 on jarosite morphology, yield and crystallinity when amino acids are present and, from the group of amino acids investigated in this work, glycine in particular. Glycine impacts on morphology and yield the most while both glycine and proline are observed to significantly alter the lattice parameters, suggesting incorporation of these molecules into the structure as suggested by Kotler [23, 24] . Induction time studies show nucleation is significantly inhibited when glycine is present suggesting that the other amino acids only impact on growth while glycine impacts on both nucleation and growth.
At higher pH the impact of the amino acids is significantly diminished in terms of impact on morphology or overall yield. In this pH regime, it is found that alanine is the most potent and its mode of action appears to be to stabilize the amorphous component. From FTIR results this amorphous component is the schwertmannite metastable phase formed initially that over time transforms to goethite. While it has previously been observed that goethite can form from schwertmannite, it is not clear that this is the metastable phase prior to jarosite formation. This aspect needs further investigation.
Finally, while future work will be focused on obtaining sufficient solids to conduct solubility and dissolution experiments for the jarosites formed, there is still a lot of work to be done to determine the impact of other amino acids and combinations thereof before we progress to understanding the impacts of live organisms. We are working on this aspect.
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